Gluconobacter oxydans plays important role in conversion of D-sorbitol to L-sorbose, 23 which is an essential intermediate for industrial-scale production of vitamin C. In the 24 fermentation process, some D-sorbitol could be converted to D-fructose and other 25 byproducts by uncertain dehydrogenases. Genome sequencing has revealed the 26 presence of diverse genes encoding dehydrogenases in G. oxydans. However, the 27 characteristics of most of these dehydrogenases remain unclear. Therefore, analyses of 28 these unknown dehydrogenases could be useful for identifying those related to the 29 production of D-fructose and other byproducts. Accordingly, dehydrogenases in G. 30 oxydans WSH-003, an industrial strain used for vitamin C production, were examined. 31
Introduction 61
The genus Gluconobacter is a part of the group of acetic acid bacteria, which are 62 characterized by their ability to incompletely oxidize a wide range of carbohydrates 63 and alcohols (1). Gluconobacter strains have been successfully used for the industrial 64 production of food-related products, pharmaceuticals, and cosmetics, such as vitamin 65 C (2), miglitol (3), dihydroxyacetone (DHA) (4), and ketogluconates (5). In particular, 66
Gluconobacter oxydans has applications in the production of food additives and 67 sweeteners owing to its ability to synthesize flavoring ingredients from aromatic 68 alcohols, aliphatic alcohols, and 5-ketofructose (6, 7). Besides, G. oxydans enzymes, 69 cell membranes, and whole cells are also used as sensor systems for the detection of 70 polyols, sugars, and alcohols (8-10). In recently years, some G. oxydans strains have 71 been employed for the production of enantiomeric pharmaceuticals and platform 72 compounds; for example, G. oxydans DSM2343 has been employed for the reduction 73 of various ketones used in pharmaceutical, agrochemical, and natural products (11), 74
Gluconobacter sp. JX-05 has been utilized for D-xylulose and xylitol production (12), 75 and G. oxydans DSM 2003 has been used for 3-hydroxypropionic acid production (13). 76
As all of these products are related to the dehydrogenases of G. oxydans, identification 77 of these enzymes in G. oxydans can expand the application of this bacterium. 78
Gluconobacter strains possess numerous dehydrogenases, some of which have 79 been identified, such as alcohol dehydrogenase that could convert ethanol to 80 acetaldehyde (14, 15) pathway is believed to be the most important route for phosphorylative breakdown of 113 sugars and polyols to CO 2 and provide carbon skeleton. It has been speculated that G. 114 oxydans has the capability to uptake and channelize several polyols, sugars, and sugar 115 derivatives into the oxidative pentose phosphate pathway; however, the gene involved 116 in this process is still unknown. Hence, in the fermentation of sorbitol to sorbose for 117 vitamin C production, some sorbitol must get converted to fructose or other byproduct 118 to enter the pentose phosphate pathway for cell growth. Therefore, it is crucial to 119 balance and control the conversion of sorbitol to fructose for cell growth and sorbose 120 production. 
148

Gene expression and purification of the identified dehydrogenase 149
The selected dehydrogenase from G. oxydans WSH-003 was successfully 150 expressed and purified. Sequence analysis revealed that the purified enzyme, 151 annotated as xylitol dehydrogenase 2, contained a NAD(P)-binding motif and a 152 classical active site motif belonging to the short-chain dehydrogenase family. 153 SDS-PAGE analysis showed an expected single band with a molecular weight of 154 about 38 kDa (Fig. 1A) , which was consistent with the calculated molecular mass 155 based on the deduced amino acid sequence (36.6 kDa). The optimum pH and 156 temperature for the purified xylitol dehydrogenase 2 were determined to be pH 12 (50 157 mM glycine-NaOH buffer) and 57°C, respectively (Fig. 1B, C (Fig. 3) , while the rest of the examined 180 metal ions had no obvious impact on the enzyme activity. 181 182
Substrate specificity and kinetic constants 183
In recent years, xylitol dehydrogenase has been used for the industrial production of 184 xylitol, and under enhanced NADH supply, NAD-dependent xylitol dehydrogenasecan reduce D-xylulose to desired xylitol. In the present study, substrate specificity 186 analysis of NAD-dependent xylitol dehydrogenase 2 revealed that the enzyme was 187 highly specific towards D-sorbitol and xylitol, but showed limited activity towards 188 D-mannitol, sorbose, and glycerol. Moreover, the enzyme showed no activity when 189 glucose, inositol, galactose, sorbitol, mannose, rhamnose, xylose, fructose, glucuronic 190 acid, glucolactone, 2-KLG, gluconic, propanol, isopropanol, methanol, and ethanol 191 were used as substrate (Fig. 4) . To determine the kinetic constants, the initial 192 velocities of the enzyme were determined in glycine-NaOH buffer (pH 12) with NAD-dependent ribitol dehydrogenase have four subunits (42). However, the xylitol 225 dehydrogenase 2 identified in the present study was noted to be NAD-dependent with 226 only one subunit. The amino acid sequence of the NAD-dependent xylitol 227 dehydrogenase 2 showed similarity to those of the enzymes in the MDR superfamily. 228
However, the optimum pH and temperature for the oxidation activity of the 229 NAD-dependent xylitol dehydrogenase 2 were observed to be slightly higher than 230 those reported in earlier studies for the same reaction of xylitol dehydrogenases 231 isolated from different strains of G. oxydans (43). The reason for this variation in the 232 optimum pH and temperature for xylitol dehydrogenase activity could be owing to the 233 different source strains from which the enzymes were isolated. 234
With regard to the substrate specificity of xylitol dehydrogenases, xylitol 235 dehydrogenase from G. oxydans ATCC 621 has been noted to present higher catalytic 236 activity towards sorbitol and xylitol (44) In conclusion, a novel NAD-dependent xylitol dehydrogenase 2 from G. oxydans 263 WSH-003 was identified in this study. Owing to its unique characteristics, such as 264 optimum pH and temperature, the identified dehydrogenase could be used in the 265 production of xylitol or fructose, or in regeneration of cofactor under specific 266 conditions. Although G. oxydans WSH-003 has been mutated from wild-type strain at The transmembrane domains of the protein were predicted by using TMHMM 287 (http://www.cbs.dtu.dk/services/TMHMM/). 288
289
Gene expression and purification of dehydrogenase 290
The recombinant strain was cultured in 250-mL shake flasks containing 25 mL of 291
Terrific broth (TB) medium. After growth to log phase (OD 600 =0.6), the cells were 292 pre-cooled to 20°C. Then, 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was 293 added to induce protein expression, and the cells were incubated at 20°C for another 294 16 h for protein expression. 295
Subsequently, the cells were collected by centrifugation at 5,000 rpm for 5 min, 296
washed twice with binding buffer (50 mM phosphate buffer), and lysed by sonication 297 at 4°C. The lysate was centrifuged for 20 min at 7,000 rpm at 4°C to obtain a clear 298 supernatant. The supernatant was passed through a 0.45-μm filter, and then applied to 299 a 5-mL nickel-charged Hi-Trap column pre-equilibrated with binding buffer. The 300 column was washed with 15 mL of binding buffer and then with washing buffer (50 301 mM phosphate buffer, 150 mM NaCl, and 50 mM imidazole; pH adjusted to 7.0) until 302 no more protein was eluted. The column was eluted with 20 mL of eluting buffer (50 303 mM phosphate buffer, 150 mM NaCl, and 500 mM imidazole), and the pH of the 304 eluent was adjusted to 7.0. The fractions were combined and dialyzed against dialysis 305 buffer (50 mM phosphate buffer). 306 307
Enzyme assay and identification of cofactor 308
The enzyme activity was measured by determining the increase in absorbance of 309 NADH at 340 nm. The reaction mixture contained 2 mM NAD + , 20 mM sorbitol, 50mM phosphate buffer (pH 12), and enzyme solution to a total volume of 200 μL. One 311 unit of enzyme activity was defined as the amount of enzyme catalyzing the formation 312 of 1 μmol of reduced NAD + per minute at 30°C under the given conditions. 313 314
Effect of metal ions and EDTA 315
In order to determine the effect of the metal ions and the EDTA on the enzyme, 316 various metal ions (0.5 mM) and EDTA (5 mM) were added individually to the 317 reaction mixture. Relative activity was used to investigate, while the reaction mixture 318 without any additional treatment served as a control (100%). 319 320
Substrate specificity and determination of kinetic constants 321
Substrate specificity of the identified dehydrogenase was tested using 20 mM xylitol, 322 glucose, D-mannitol, inositol, sorbose, galactose, sorbitol, mannose, rhamnose, xylose, 323 fructose, glucuronic acid, glucolactone, 2-KLG, gluconic acid, propanol, glycerol, 324 inopropanol, methanol, and ethanol in the above-mentioned buffers. For kinetics 325 experiments, the substrate concentrations were varied between 1 and 500 mM and the 326 cofactor concentration was 2 mM. 327 328
Determination of optimum temperature and pH for the identified dehydrogenase 329
To determine the optimum pH, the enzyme activity was assessed in a pH range of 330 3-13 in the following buffers (50 mM): NaAc-HAc (pH 3.0-5.0), PBS (pH 5.0-9.0) 331
Tris-HCl (pH 9.0-10.0), and glycine-NaOH (pH 9.0-13). Similarly, the optimal 332 temperature for the identified dehydrogenase was determined by analyzing the 333 enzyme activity from 20°C to 70°C. 
